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Abstract. 

Four XMM-Newton X-ray observations of the central region of the Andromeda Galaxy (M31) have revealed an X-ray 
source that varies in luminosity over ~l-3 10^** erg s"' between observations and also displays significant variability 
over time-scales of a few hundred seconds. The power density spectra of lightcurves obtained in the 0.3-10 keV 
energy band from the three EPIC instruments on board XMM-Newton are typical of disc-accreting X-ray binaries at 
low accretion rates, observed in neutron star binaries only at much lower luminosities (~ 10''^ erg s"'). However X- 
ray binaries with massive black hole primaries have exhibited such power spectra for luminosities >10''* erg s"'. We 
discuss alternative possibilities where RX J0042. 3-1-4115 may be a background AGN or foreground object in the field 
of view, but conclude that it is located within M3 1 and hence use the observed power spectra and X-ray luminosities 
to identify the primary as a black hole candidate. 
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1. Introduction 



At 760 kpc jvan den Berglj|2000l) the Andromeda Galaxy 
(M31) is the nearest spiral galaxy to our own. The X-ray 
emission from the direction of M3 1 is dominated by point 
sources, mostly X-ray binaries (XB), with a mixture of su- 
pernova remnants, foreground stars and background AGN. 
The intensity variations on short and long time-scales in 
the X-ray sources in M3 1 provide vital clues to their na- 
ture, and in some cases, in combination with X-ray spectral 
information, they can be classified from the X-ray obser- 
vations alone. The study of variability in X-ray sources in 
external galaxies has been limited by the sensitivity of pre- 
vious observatories, but the three large X-ray telescopes on 
board XMM-Newton make such a project possible down 
to a luminosity of ~ lO-'^ erg s"'; the combined effective 
area of these telescopes is the largest of any X-ray tele- 
scope imaging above 2 keV. A recent Chandra survey has 
revealed that ~ 50% of the X-ray sou rces in M31 vary 
over long time-scales llKong et alJ200l . several transients 
have been discovered in XMM-Newton observations (e.g. 
iTrudolvubov et alJl200lll2002bt lOsborne et al."200l') and 
periodic dipping was observed with XMM-Newton in the 
M31 g lobular cluster source Bol58 bv ITrudolvubov et alJ 
( l2002alD . 
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The J2000 X-ray position of R X J0042.3H-41 15, 
named foll owing ISupper et al.l (1 19971) but first identified 
by Trinchi eri & Fabbianol (Il99ll) . was determined to be 
00*" 42™ 22^.91 9 -h41° 15' 35'.'14 in a recent Chandra 
survey of M31 llKon g et aljbool . It was not associated 
with known supernova remnants, foregr ound objects, glob - 
ular clusters or background galaxies (' Kong et all l2002i) . 
RX J0042.3-I-4115 shows luminosities in the 0.3-10 keV 
band of a few 10^^ erg s and significant variations in 
colour and intensity over time-scales of a few hundred 
seconds (Sect. [Sjl; in our galaxy, such behaviour is ex- 
hibited in only a handful of XB, all of which are bright 
microquasars with neutron star primaries (Z-sources, e.g. 
■Hasinger & van der Klis 1989: Fendei 2QQ2) or transient 
microquasars with suspected bl ack hole primaries (e.g. 
iBelloni et al.l2000H Fender'2002^. 

In this paper we propose that RX J0042.3-I-41 15 is a 
black hole binary. The case is summarised below and ex- 
pounded in the subsequent sections. The power density 
spectra (PDS) of the ~200 Galactic disc-accreting X-ray 
binaries (XB) are determined by their accretion rates, and 
hence luminosities; nearly all disc accreting XB are low 
mass X-ray binaries (LMXB), but some high mass X- 
ray binaries (e.g. Cygnus X-1) also exhibit disc accretion. 
The PDS of low accretion rate, disc accreting XB are ap- 
proximately flat at frequencies <0.01-1 Hz, then break to 
a steep power law; these characteristics are present irre - 
spective of the primary (iWiinands & van derKlislll999l) . 
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At high accretion rates the PDS are varied but are dis- 
tinct from the low accretion rate PDS in that the low fre- 
quency noise is described by a power law without the break 
jHasinger & van der Klislll989l) . In Galactic neutron star 
LMXB, low accretion rate PDS are seen in sources with lu- 
minosities of a few lO^*" erg s"' ; in contrast we find that RX 
J0042.3+4115 exhibits a low accretion rate PDS at lumi- 
nosities of -1-3 10^^ erg s This is close to the Eddington 
luminosity of an a ccreting neutron star [~2 10^^ erg s 
jFranket alJl20ol l. If RX J0042.3+4115 was a neutron 
star binary, a high accretion rate would be required for 
the observed luminosity and the characteristic low accre- 
tion rate PDS would not be seen. Hence, the primary in 
RXJ0042. 3+4115 is unlikely to be a neutron star and so 
must be a black hole. 

The next section reviews the properties of Galactic 
black hole binaries to provide a context for the subse- 
quent discussion. A summary of observations and analysis 
techniques follows, then the luminosities and power spec- 
tral breaks observed in RX J0042.3+41 15 are presented in 
the Results section. The case for a black hole primary in 
RX J0042.3+41 15 is presented in the final section. 



2. Galactic black hole binaries 

Black hole binaries can be classified as persistent or tran- 
sient, and each can exist in any one of three states- the 
low/hard state, the high/soft state and intermediate/very 
high state. The X-ray spectrum in the high/soft state is 
black-body dominated, while the low/hard spectrum is 
dominated by a power law with a spectral index ~1.5. 
The intermediate/high state exhibits strong black body 
and power law features. As suggested by their names, 
these states were originally supposed to be related to 
the mass accretion rate and hence luminosity; however, 
the same "state" can be observed at extremely different 
flux levels (e.g. Homan et al. 2001). The four Galactic 
persistent black hole binaries (CygnusX-1, GX 399-4, 
IE 1740.7-2942 and GRS 1758-258) spend most of their 
time in their low/hard state (Fender 2002, and refer- 
ences within). Meanwhile, transient black hol e binaries can 
switch states very rapidlv: lBelloni et"al] ll200 0) have iden- 
tified 12 separate classes of behaviour in the microquasar 
GRS 1915+105 which involve transitions between two or 
all three of the states. 

Microquasars are compact accreting binary systems 
with low mass secondary stars that exhibit relativistic 
outflows, or jets; the similarity with quasars gives them 
their name cFender .2002) . Relativistic j ets from bina- 
ri es were first discovered in SS 433 dSpencen Il979t 
iellming & Joh nston 198l£D), and have since been dis- 
covered in ~30 Galactic XB ( Fender 2002) : 11 micro- 
quasar s are neutron star binaries and 19 are black hole bi- 
naries ('Fender"2002). As yet, the only Galactic black hole 
binaries to exhibit luminosities >10-'** erg s"' have been 
microquasars. Hence, they may be the closest Galactic ana- 
logue toRXJ0042.3+4115. 
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Fig. 1. A detail of the 0.3-10 keV PN image from the June 
2001 XMM-Newton observation of flie core of M3 1 ; north 
is up, east is left. The image is 1 1' across, its intensity is log 
scaled. RXJ0042. 3.9+41 15 is circled in white, the circle 
defining the source extraction region. 



Table 1. Journal of XMM-Newton observations of the 
M31 core 



Observation 


Date 


Duration 


Filter 


1 (rev 0100) 


25 July 2000 


34 ks 


Medium 


2 (rev 0193) 


27 December 2000 


13 ks 


Medium 


3 (rev 0285) 


29 June 2001 


56 ks 


Medium 


4 (rev 0381) 


6 January 02 


61 ks 


Thin 



3. The Observations 

Four observations were made of the core of M31 with 
XMM-Newton; data were analysed from th e three imaging 
instruments, one PN (Str uder et aPbOOll) and two MOS 
dTurner et abi2001 1 which share a common cir cular field- 
of view with a 30' diameter djansen et alJ200ll) . The MOS 
detectors have a usable energy range of 0.3-10 keV, a point 
spread function FWHM of 5", an energy resolution of ~70 
eV and a time resolution of 2 .6 s in the "full fram e" mode 
used for these observations ( T urner et aklbOOlT) . The PN 
detector has broadly similar characteristics, but with ap- 
proximately twice the effective area of an individual MOS. 
Full frar ne mode was used, giving a time resolution of 
0.0734 s dStriider et alJ200ll). The combi ned effective area 
is -2400 cm^ at IkeV (I.Tansen et alJ200lh . A journal of the 
XMM-Newton observations is given in Tabled which de- 
tails the date, duration and filter used for each observation. 



4. Analysis 

Lightcurves were obtained in the 0.3-2.5, 2.5-10 and 0.3- 
10 keV energy bands, at 0.0734 s resolution from the PN 
and 2.6 s resolution from the MOS cameras. The data were 
filtered to select only good events (FLAG = 0) with sas 
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Time (s) Time (s) 

Fig. 2. Combined EPIC lightcurves of RX J0042.3+41 15 in the 0.3-10 keV energy band from observations 1 (a), 3 (b) 
and 4 (c); the lightcurves have 200 s binning. The;t'^/dof for the best fit lines of constant intensity for observations 1, 3 
and 4 are 287/154, 329/125 and 798/306 respectively. Although each lightcurve is highly variable, there appears to be 
no pattern to their behaviour. The three lightcurves are presented with the same time and intensity scales in (d) for easier 
comparison. 



version 5.3.3' and analysed with the heasoft utility suite^; 
only events in the energy band 0.3-10 keV with PATTERN 
< 4 or 12, for PN and MOS respectively, were selected. 
Background flaring was present in observations 1, 3 and 4, 
and so intervals in which the total PN count rate exceeded 
60 count s ' or the count rate of a single MOS detector 
exceeded 30 count s"' were rejected; only observation 3 
exceeded these thresholds, reducing the useful exposure to 
27 ks. There are ~120 X-ray point sources in the field of 
view, and the extraction regions for our source was lim- 
ited to 20" to avoid contamination by a neighbouring point 
source; this encircles ~70% of the flux. The PN image of 
the Core of M31 from the June 2001 XMM-Newton obser- 
vation is shown in Fig. [T]with RXJ0042. 3+41 15 circled. 

For each lightcurve on source, a source-free back- 
ground lightcurve was extracted from a nearby region on 
the same CCD and at a similar ofF-axis angle, the same fil- 
tering criteria were used. The fractional exposure of the 
source was estimated from the exposure map, and the 



' http://heasarc.gsfc.nasa.gov/docs/xmm/uhb/ 

^ http://heasarc.gsfc.nasa.gOv/docs/software/lh easoft/l 



lightcurves were coiTected for the overall eff'ects of dead- 
time and vignetting using fcalc. 

Additionally, PN source and background spectra were 
obtained from all good-time data for observations 1, 3 and 
4; in observation 2, the source fell in a chip gap. Response 
matrices and ancillary response files were generated for 
each spectrum, with rmfgen and arfgen respectively. The 
spectra were grouped to have a minimum of 50 counts per 
bin, data below 0.3 keV or greater than 10 keV were ig- 
nored in the subsequent analysis. 

5. Results 

The combined, exposure corrected, background subtracted 
0.3-10 keV EPIC lightcurves of RX J0042.3-H41 15 from 
observations 1, 3 and 4 are presented in Fig. |2j these 
lightcurves are clearly variable, but display no regular be- 
haviour. The lightcurves vary by ~30% within each ob- 
servation, while the mean intensity of the lightcurve from 
observation 1 is a factor of ~ 3 lower than the mean in- 
tensities in observations 3 and 4. Estimates of the luminos- 
ity of RX J0042.3+41 15 in each observation were obtained 
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Table 2. Best fit parameters for models used to fit the PN 0.3-10 keV spectra of RX J0042.3+41 15 in observations 1, 
3 and 4; the letters (A, B, C) refer to the model used (as described in the text) and the numbers refer to the observation 
number. Nh is the equivalent line-of-sight column density of hydrogen (in cm"^); kT is the blackbody temperature 
expressed in keV; nB is the normalisation of the blackbody component: 10^^ erg s"' at 10 kpc for blackbody, R^^ cos 
for a disc blackbody of inner disc radius R^n observed at an angle 0; F is the spectral index of the power law component; np 
is the normalisation of the power law, in terms of photon cm"^ keV"' s"' at 1 keV. F" -'-'*' and L!^gQ^p° are the unabsorbed 
flux and luminosity at 760 kpc respectively in the 0.3 - 10 keV energy band. 



Model 


Nh 

/1022 


kT 




r 






pO.3-10 

/io-'2 


T 0.3-10 
7S0kpc 

/lO" 


Al 


0.18 






1.66 


1.5 lO-'' 


104/91 


1.08 


7.5 


Bl 


0.25 


1.69 


4.3 10-* 


2.2 


1.75 10-" 


102/89 


1.22 


8.5 


CI 


0.23 


3.33 


2.4 10-" 


2.2 


1.39 10-" 


102/89 


1.2 


8.2 


A3 


0.16 






1.79 


4.7 10-" 


181/172 


3.0 


21 


B3 


0.25 


1.32 


1.36 10-5 


2.55 


5.65 10-" 


162/170 


3.8 


24 


C3 


0.31 


2.28 


3.59 10-3 


3.32 


5.25 10-" 


162/170 


4.9 


34 


A4 


0.18 






1.82 


4.9 10-" 


352/190 


3.0 


21 


B4 


0.23 


1.23 


1.16 10-"* 


2.43 


5.09 10-" 


229/188 


3.4 


24 


C4 


0.30 


2.03 


5.79 10-3 


3.4 


4.47 10-" 


231/188 


4.7 


33 



by fitting the background-subtracted PN spectra with three 
simple models. Model A is a simple power law, model B is 
blackbody + power law and model C is a disc blackbody + 
power law; all models include the effects of photo-electric 
absorption from material in the line of sight. Although 
the parameters of the models have limited physical signif- 
icance, since the spectra are not of high enough quality to 
discriminate between models, a reasonable fit to a spec- 
trum will provide a good estimate to the 0.3-10 keV flux 
and luminosity. The best fit results are presented in Table|2l 
We obtain 0.3-10 keV luminosities of ~8, -30 and -30 
xlO-'^ erg S-' in observations 1, 3 and 4 respectively. We 
see that Model A cannot fit the spectrum from observation 
4, and thus must be be rejected for all observations. The 
average Galactic line of sight absorption in the direction of 
M3 1 is 7 10^" atom cm-^ iStarket al.tl99a) while the mod- 
efled absorption of RX J00422.3-H41 15 is 20-30 lO^" atom 
cm-^, as seen in X-ray sources in M31 (Kon2 et al. 2002). 
This suggests that RX J00422.3+41 15 is indeed in M31, 
or else has intrinsic absorption resembling the absorption 
found in M3 1 by coincidence. 

Leahy normalised llT,eahvet alJll983h power density 
spectra (PDS) with (5.2 s)-' resolution were obtained from 
the 0.3 - 10 keV EPIC lightcurves from observations 1, 3 
and 4 using powspec; the PDS were averaged over mul- 
tiple spectra of 512 bins and the expected noise was sub- 
tracted; the PDS data were geometrically binned. The three 
power spectra are presented in Fig|3] We find that the PDS 
from all three observations are ~ flat at low frequencies, 
and break to a steep power law at frequencies of ~0. 06-0.1 
Hz. To establish the significance of the breaks, each PDS 
was modelled with both a simple power law and a broken 
power law. The parameters for the broken power law model 
were the cut-ofF frequency, Vc, the power at that frequency, 
the index for frequencies lower than v^, ci, and the index 
for frequencies higher than Vc, a2- Table|3lists the param- 
eters and goodness of fit of the two models for each PDS; 
clearly the simple power law model cannot acceptably fit 




10"' 0.01 0.1 

Frequency (Hz) 



Fig. 3. Power density spectra of RX J0042.3-H41 15 from 
observations 1, 3 and 4 are displayed in the top, central 
and bottom panels respectively. The PDS of observation 1 
is clearly flat below 0.04 Hz and a steep power law above 
0.06 Hz, consistent with the PDS of low accretion rate XB 
(JVijnands & van der Klis 1999); indeed, a break is seen in 
the PDS of all three observations, below which the PDS is 
approximately flat. 

any of the PDS, and all PDS are well fitted by the broken 
power law model, hence the PDS really do resemble those 
of low accretion rate binaries. 



To establish whether the break is an artifact of the in- 
strumentation, or inherent to RX J0042.3-I-4115, the PDS 
of sev en bright X-ray sou rces identified with globular clus- 
ters bv lKong et alJ(l2002h were examined; as they are likely 
to be high accretion rate neutron star binaries their PDS 
should not contain a break in the observed frequency range. 
Although here is no reason to expect instrumental modu- 
lation of the true PDS that would produce the breaks we 
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have observed, these checks were nevertheless made to 
be sure. For each globular cluster source, combined EPIC 
lightcurves from observation 4 were made and a PDS was 
obtained. Luminosities of the globular cluster sources were 
estimated from fits to FN spectra of simple power law mod- 
els; the spectral channels were binned for a minimum of 
20 counts per bin. Table l^lists the best fit model parame- 
ters for the globular cluster sources. The luminosities of the 
globular cluster XB span 1 - 10 xlO^^ erg s"', hence we 
expect high accretion rate PDS with no breaks. No breaks 
were observed in the PDS of any of the globular clusters. 

Additionally, a lightcurve was produced by summing 
all the EPIC lightcurves of the globular cluster sources; 
the intensity of this summed lightcurve is ~1.5 count s"', 
(c.f. 0.3-1 count s ' for RX J0042.3H-41 15), hence the PDS 
had more than sufficient data to detect any instrumental 
break. The PDS of that lightcurve is presented in Fig. |3 
A break in the PDS due to instrumental effects would be 
present in all PDS and so adding the lightcurves of several 
sources should make the break more prominent; in fact, 
fitting a simple power law to the combined globular cluster 
PDS resulted in a good fit (x'/dof of 0.6). A broken power 
law is not required to fit the globular cluster data. We can 
thus be confident that the PDS breaks we have observed 
are inherent. 

6. Discussion 

The power density spectra observed from 
RXJ0042.3-H4115 by XMM-Newton are flat with a 
break at <1 Hz, consistent with PDS from disc-accreting 
X-ray binaries XB at a low accretion ra te, and inconsis tent 
with PDS from high accretion r ate XB ( lvanderKlisll9 89; 
IWiinands & van der KHs 1999). In LMXB with neutron 
star primaries, the characteristic low accretion rate PDS 
appear in the islan d state, the lowest luminosity state 
jvan der KlisI 11989'); an example is IE 1724-3045, an 
X-ray burster that exhi bited a low accr etion rate PDS 
at a few lO^*" erg s~' dOlive et alJll998l) . The fact that 
RXJ0042.3+4115 exhibits a low accretion rate PDS at 
luminosities exceeding 10^^ erg s"', and that none of 
the globular cluster sources (likely LMXB with neutron 
star primaries) exhibit such PDS at luminosities of 0.1 
- 1 10^*^ erg s"' strongly suggests that the primary in 

Table 3. Fits of simple power law models (PLx) and bro- 
ken power law models (BPLx) for observation x (I, 3 and 
4); ai and 02 are the spectral indices before and after the 
break frequency (Vc). Numbers in parentheses are the un- 
certainties in the last significant figure. 



Model 


ai 


Vc (Hz) 




X'/dof 


PLl 


-0.11(1) 






21.8/11 


BPLl 


-0.04(2) 


0.05(1) 


-0.21(6) 


5.8/9 


PL3 


-0.35(2) 






62.2/11 


BPL3 


-0.24(3) 


0.09(1) 


-1.5(4) 


8.6/9 


PL4 


-0.35(3) 






45.7/11 


BPL4 


-0.27(4) 


0.05(3) 


-0.5(2) 


13.7/9 



RXJ0042.3-I-4115 is unlikely to be a neutron star. We 
conclude that the primary of RX J0042.3+41 15 is a black 
hole candidate. 

Since the argument rests on the luminosity of 
RX J0042.3+41 15, it is important to be sure of its loca- 
tion in M31. M31 is located well out of the plane of the 
Milky Way, in a sparsely populated region of sky, mean- 
ing that RXJ0042.3+4115 must be within our Galaxy, or 
in M31 or a background AGN. We discount the possibility 
that RX J0042.3-H41 15 is an AGN and discuss possibiHties 
where it is a local binary below. 

AGN are powered by disc accretion onto massive black 

holes, so we might expect them to exhibit similar PDS, 

< 1 J ' 

scaled to longer time-scales. Uttle v et alJ (|2002) exam- 
ined the PDS of four AGN (MGC-6-30-15, NGC5506, 
NGC3516 and NGC5548) and found that the PDS of 
the first three are analogous to low accretion rate XB, 
but with the break at a few 10"'' Hz. These authors com- 
pare the PDS of these four AGN with that of the black 
hole XB CygnusX-1 and conclude that the break fre- 
quency is related to the mass. The break frequency of 
RX J0042.3+41 15 is several orders of magnitude higher 
than observed in these AGN and so we reject the possi- 
bility that it is a background AGN. 

If RXJ0042.3-I-4115 is actuafly a foreground object, 
then it probably belongs to the disc population and is lo- 
cated within ~ 1 kpc. Hence the X-ray luminosity would 
be ~6 orders of magnitude fainter, at ~ 10^^ erg s"', 
or fainter if closer than 1 kpc. We know from the PDS 
that RXJ0042. 3-1-41 15 is powered by disc accretion, but 
this X-ray luminosity is sever al orders of magni tude too 
low for a persistent LMXB ( Lewi n et al]ll995h . Hence 
RX J0042.3-I-41 15 would have to be a cataclysmic variable 
(i.e. with a white dwarf primary) or a soft X-ray transient 
in quiescence. 

All known Galactic cata clysmic variab l es hav e op- 
tical/UV counterparts (e.g iDownes et alJ I2OOII) and 
while RX J0042.3+4115 was associate d with an optical 
sourc e using the Einstein position (.Trinchieri & Fabbiand 
Il99ll) . the improved resolution of Chandra placed 
RX J00 42.3+41 15 away from any optic al counterpart 
jKong et al„2002) . The nearest object in the lHaiman et alJ 
J 1994 opticalcatalogue is at OO*" 42" 28^ +41° 15' 35'.'7, 
i.e. just 5^* away and has an apparent visual magni- 
tude of my - 20.075. Hence an optical counterpart to 
RXJ0042.34-4115 must be fainter than my = 20. A pes- 
simistic estimate of the absolute visual magnitude for a 
non-magnetic CV is My = 9, considering only disc emis - 
sion and an accretion rate of 10 " M© yr llWarneilll99i : 
hence at 1 kpc, the apparent magnitude wo uld be brighter 
than 1 9 and would have been seen in the iHaiman et alJ 
ill 994 survey. Hence we can rule out the possibility 
that RXJ0042.3-I-4115 is a normal non-magnetic CV. The 
observed spectra from RX J00422.3+4115 are consistent 
with Galactic magnetic CVs, but the X-ray luminosity at 
1 kpc would be two orders of magnitude lower than nor- 
mal. The system would have to be one of the theoretically 
implied, p ost period minimum C Vs with a brown dwarf 
secondary jKolb & Baraffel 19991) . 
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Table 4. A catalogue of point X-ray sources identified as globular clusters hv lKongetal1(l2nn2h and used to test the 
hypothesis that the break in the PDS of RX J0042.3+41 15 is not instrumental. The best fit parameters of absorbed power 
law models to the spectra are given; the column headings have the same meanings as in Table |2 



Source 


Nh 


r 


np 




pO.3-10 


T 0.3-10 
■^760 


Break? 


J 004212. 1+411758 


0.35 


1.66 


7.5 10-5 


97/114 


0.54 


3.7 


N 


J004218.6+411401 


0.13 


1.55 


1.29 10-" 


306/301 


1.0 


7 


N 


J 004226.0+41 1915 


0.42 


2.32 


4.5 10-5 


56/73 


0.22 


1.5 


N 


J004232.1+411939 


0.21 


2.06 


7.4 10-5 


153/127 


04 


2.8 


N 


J 004259.6+41 1919 


0.13 


1.98 


1.4 10-* 


275/250 


0.78 


5.4 


N 


J 0043 10.6+41 1451 


0.10 


1.74 


2.12 lO-'' 


430/429 


14 


9.8 


N 


J 004337.2+41 1443 


0.14 


1.70 


1.34 10-" 


268/241 


0.93 


6.4 


N 



If RXJ00422.3+4115 is a local soft X-ray transient 
(SXT) in quiescence, its primary could be a neutron star 
or a black hole. SXTs typically brighten in X-rays by a 
factor of up to 10^ over a week, then decay into qui- 
escence over the course of a year; successive outbursts 
are usually separated by years to decades (see review 
in e.g. .Tanaka & ShibazakL 1996) . Observed spectra from 
SXTs in quiescence are often modelled using advection 
dominated accretion flow (ADAF) in the inner disc (e.g. 
iNaravan et al. 1997: Sutai'ia et al...200Z) . Since ADAFs are 
radiatively inefficient, a neutron star primary will radiate 
energy donated by accreting material impacting on the 
surface, while a black hole primary will simply swallow 
the accreting material; indeed quiescent neutron star SXTs 
have been observed to be 2 orders of magnitude brighter 
than quiescent black hole SXTs ( Sutaria et al. 2002, and 
references within). Comparing the implied luminosity of 
10^2 erg s-i for RX J00422.3+4115 with the known min- 
imum luminosities of black hole and neutron star SXTs 
llHameurv et alJl2002t) . we find that if RX J00422.3+4115 
was a local SXT, it would be likely to have a black hole 
primary. 

Accepting that flie RXJ00422. 3+4115 is a black hole 
binary in M3 1 , we must account for its being in the low ac- 
cretion rate state at a luminosity as high as a few 10^^ erg 




0.01 
Frequency (Hz) 



Fig. 4. The noise-subtracted PDS of the combined 
lightcurves of the seven X-ray sources associated with 
globular clusters used to search for an artificial break in 
the PDS; no break is seen. 



S-' . The mostly likely explanation is that the low accretion 
rate state is limited to less than a certain fraction of MEdd, 
the mass accretion rate coiTesponding to the Eddington 
limit, rather than M itself; hence RX 00422.3+41 15 would 
only need to be more massive than a neutron star to allow a 
low accretion rate state at a higher accretion rate (observed 
luminosity). GS 1124-683 (Nova Muscae 1991) exhibited 
a low-accretion rate PDS at a 1.2-37 ke V luminosity of 
~ 10^ ^ erg s~', for a distance of 4 kpc f Mi vamoto et al.l 
il993>:iMacomb & Gehrela.1999 ); the mass of the primary 
in this system has been determined to be 7.0+0.6 M© 
taehno et al.*200l'), so in this case M -0.1 Mem- Hence, a 
scenario in which RX J00422.3+4115 has a massive (~10 
Mq) primary accreting at ~0. 1 MeiM is feasible and entirely 
consistent with the observed properties. 

If the break frequency is related to t he ma ss of 
the primary as supposed by lUttlev et"al] ( l2002l) . the 
similar break fre quencies of Cygnus X-1 [0.04-0.4 Hz 
jBelloni & Hasinger.l990.) l and RX J0042.3+41 15 (0.05- 
0.09 Hz) sugg ests that the mass of t he black hole in Cygnus 
X-1 [10 Mo ( iHerreroet alJll995l) 1 is similar to that in 
RXJ0042.3+115, supporting the idea of a -10 Mq black 
hole primary in RX J0042.3+41 15. 

To conclude, the three scenarios discussed for 
RX J0042.3+41 15 are: that RX J0042.3+41 15 is a post pe- 
riod minimum CV with a brown dwarf secondary; that 
RX J0042 . 3 +4 1 1 5 is a luminous black hole binary in M3 1 ; 
that RXJ0042.3+4115 is a local black hole SXT with in- 
trinsic absorption imitating the absorption found in M3 1 . 
We consider that it is most likely to be placed in M3 1 . In 
this case, the system could be a microquasar, i.e. with a 
low mass companion; it would then be an analogue of the 
Galactic microquasai" GRS 1915+105. 
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Abstract. 

Four XMM-Newton X-ray observations of the central region of the Andromeda Galaxy (M3 1 ) have revealed an X-ray 
source that varies in luminosity over ~ 1~3 10^^* erg s"' between observations and also displays significant variability 
over time-scales of a few hundred seconds. The power density spectra of lightcurves obtained in the 0.3-10 keV 
energy band from the three EPIC instruments on board XMM-Newton are typical of disc-accreting X-ray binaries at 
low accretion rates, observed in neutron star binaries only at much lower luminosities (~ 10^^ erg s"'). However X- 
ray binaries with massive black hole primaries have exhibited such power spectra for luminosities >10^^** erg s"'. We 
discuss alternative possibilities where RXJ0042. 3-1-41 15 may be a background AGN or foreground object in the field 
of view, but conclude that it is located within M3 1 and hence use the observed power spectra and X-ray luminosities 
to identify the primary as a black hole candidate. 

Key words. X-rays: general - Galaxies: individual: M31 - X-rays: binaries - Black hole physics 



1. Introduction 



At 760 kpc I van den BergH21ffll 

the Andromeda Galaxy 
(M31) is the nearest spiral galaxy to our own. The X-ray 
emission from the direction of M3 1 is dominated by point 
sources, mostly X-ray binaries (XB), with a mixture of su- 
pernova remnants, foreground stars and background AGN. 
The intensity variations on short and long time-scales in 
the X-ray sources in M3 1 provide vital clues to their na- 
ture, and in some cases, in combination with X-ray spectral 
information, they can be classified from the X-ray obser- 
vations alone. The study of variability in X-ray sources in 
external galaxies has been limited by the sensitivity of pre- 
vious observatories, but the three large X-ray telescopes on 
board XMM-Newton make such a project possible down 
to a luminosity of ~ lO-'^ erg s"'; the combined effective 
area of these telescopes is the largest of any X-ray tele- 
scope imaging above 2 keV. A recent Chandra survey has 



revealed that ~ 50% 


of the X-ray sources in M31 


vary 


over long time-scales 


Kons et al 2002 ), several transients 


have been discovered in XMM-Newton observations (e.g. 


Ifrudolvubov et al 2001 20021- 


Osborne etal 2001 


and 



periodic dipping was observed with XMM-Newton i^he 
M31 globular cluster source Bol58 by Trud^jl^uJj^^^lJ 
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The J2000 X-rav Dosition of RX J0042.3-H4115, 
nain€d following Sunner et al i19Q7 ) but first identified 
hvrrrinrhipri FahhianrI llQQit was determined to be 
00*" 42" 22i919 +41° 15' 35'.'14 in a recent Chandra 
survey of M31 i Kan? et al. 2Q02J . It was not associated 
with known supernova remnants, foregroun^l^jggts^lgb- 
ular clusters or background galaxies ("Vonp et al **200ji. 
RX J0042. 3-1-41 15 shows luminosities in the 0.3-10 keV 
band of a few lO"*** erg s"', and significant variations in 
colour and intensity over time-scales of a few hundred 
seconds (Sect. 0; in our galaxy, such behaviour is ex- 
hibited in only a handful of XB, all of which are bright 
microQuasars with neutron star primaries (Z-sources, e.g. 
Ha singer &_vaD-der_Klis J 98'? . Fendet 2002 ) or transient 
microouasar^with susDgcte^blac^ hole primaries (e.g. 
jj^elloni et al "200f'i'Fender200^ . 

In this paper we propose that RX J0042. 3-1-41 15 is a 
black hole binary. The case is summarised below and ex- 
pounded in the subsequent sections. The power density 
spectra (PDS) of the ~200 Galactic disc-accreting X-ray 
binaries (XB) are determined by their accretion rates, and 
hence luminosities; nearly all disc accreting XB are low 
mass X-ray binaries (LMXB), but some high mass X- 
ray binaries (e.g. Cygnus X-1) also exhibit disc accretion. 
The PDS of low accretion rate, disc accreting XB are ap- 
proximately flat at frequencies <0.01-1 Hz, then break to 
a steep power law; these characteristicwr^nresainng- 
spective of the primary IWiinanHs ^ van Hpr Kli Jl Qq3i 
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At high accretion rates the PDS are varied but are dis- 
tinct from the low accretion rate PDS in that the low fre- 
Quencv noise is described bv a cower law without the break 
l^asineer & van der Klif 198? I. In Galactic neutron star 
LMXB, low accretion rate PDS are seen in sources with lu- 
minosities of a few 10^^ erg s"' ; in contrast we find that RX 
J0042.3-I-4115 exhibits a low accretion rate PDS at lumi- 
nosities of ~l-3 10^^ erg s"' . This is close to the Eddington 
luminosity o^naccreting neutron star [~2 10^^ erg s"', 
Iprank et ^ ^02 11. If RX J0042.3-H41 15 was a neutron 
star binary, a high accretion rate would be required for 
the observed luminosity and the characteristic low accre- 
tion rate PDS would not be seen. Hence, the primary in 
RX J0042.3+41 15 is unlikely to be a neutron star and so 
must be a black hole. 

The next section reviews the properties of Galactic 
black hole binaries to provide a context for the subse- 
quent discussion. A summary of observations and analysis 
techniques follows, then the luminosities and power spec- 
tral breaks observed in RX J0042. 3-1-41 15 are presented in 
the Results section. The case for a black hole primary in 
RX J0042.3+41 15 is presented in the final section. 




Fig. 1. A detail of the 0.3-10 keV PN image from the June 
2001 XMM-Newton observation of the core of M3 1 ; north 
is up, east is left. The image is 1 1 ' across, its intensity is log 
scaled. RXJ0042. 3.9-1-41 15 is circled in white, the circle 
defining the source extraction region. 



Table 1. Journal of XMM-Newton observations of the 
M31 core 



2. Galactic black hole binaries 

Black hole binaries can be classified as persistent or tran- 
sient, and each can exist in any one of three states- the 
low/hard state, the high/soft state and intermediate/very 
high state. The X-ray spectrum in the high/soft state is 
black-body dominated, while the low/hard spectrum is 
dominated by a power law with a spectral index ~1.5. 
The intermediate/high state exhibits strong black body 
and power law features. As suggested by their names, 
these states were originally supposed to be related to 
the mass accretion rate and hence luminosity; however, 
the same "state" can be observed at extremely different 
flux levels (e.g. Homan et al 2001 ). The four Galactic 
persistent black hole binaries (CygnusX-1, GX 399-4, 
IE 1740.7-2942 and GRS 1758-258) spend most of their 
time in their low/hard state i Fender 2002 and refer- 
ences within). Meanwhile, transient black hole binaries can 
switch states very rapidly; Relloni et al i 200C i have iden- 
tified 12 separate classes of behaviour in the microquasar 
GRS 1915+105 which involve transitions between two or 
all three of the states. 

Microquasars are compact accreting binary systems 
with low mass secondary stars that exhibit relativistic 
outflows, or iets; the similarity with quasars gives them 
their name i.Fendet 2002) . Relativistic iet^from bin^ 
rig^^gr^^rg^^isggj^grg^m SS 433 jj^^^^J^^^ 
^ieTlmin^^Tohnsforil^ and have since been dis- 

covered in ~30 Galactic XB i Fender 2002 1; 11 micro- 
quasars^^ieutign^star binaries and 19 are black hole bi- 
naries I Fender 2002 1. As yet, the only Galactic black hole 
binaries to exhibit luminosities >10-'^ erg s"' have been 
microquasars. Hence, they may be the closest Galactic ana- 
logue toRXJ0042.3-H4115. 



Observation 


Date 


Duration 


Filter 


1 (rev 0100) 


25 July 2000 


34 ks 


Medium 


2 (rev 0193) 


27 December 2000 


13 ks 


Medium 


3 (rev 0285) 


29 June 2001 


56 ks 


Medium 


4 (rev 0381) 


6 January 02 


61 ks 


Thin 



3. The Observations 

Four observations were made of the core of M31 with 
XMM-Newton; data were analysed from the three imaging 
instruments, one PN (Striideret al 2001 ) and two MOS 
yjjfll£1^^^^2pi I, which shar^^ommoi^ircular field- 
of view with a 30' diameter The MOS 

detectors have a usable energy range of 0.3-10 keV, a point 
spread function FWHM of 5", an energy resolution of ~70 
eV and a time resolution of 2^j^^n^the "full frame" mode 
used for these observations i Turner et al 2001 ). The PN 
detector has broadly similar characteristics, but with ap- 
proximately twice the effective area of an individual MOS. 
Full frame mode was used, giving a time resolution of 
0.0734 S I StriiHeret al ;>00kl The mmbined eff^ective area 
is -2400 cm^ at IkeV iTansen et all?00lt A journal of the 
XMM-Newton observations is given in TableQ which de- 
tails the date, duration and filter used for each observation. 



4. Analysis 

Lightcurves were obtained in the 0.3-2.5, 2.5-10 and 0.3- 
10 keV energy bands, at 0.0734 s resolution from the PN 
and 2.6 s resolution from the MOS cameras. The data were 
filtered to select only good events (FLAG - 0) with sas 
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Fig. 2. Combined EPIC lightcurves of RX J0042.3+41 15 in the 0.3-10 keV energy band from observations 1 (a), 3 (b) 
and 4 (c); the lightcurves have 200 s binning. The;t'^/dof for the best fit lines of constant intensity for observations 1, 3 
and 4 are 287/154, 329/125 and 798/306 respectively. Although each lightcurve is highly variable, there appears to be 
no pattern to their behaviour. The three lightcurves are presented with the same time and intensity scales in (d) for easier 
comparison. 



version 5.3.3' and analysed with the heasoft utility suite^; 
only events in the energy band 0.3-10 keV with PATTERN 
< 4 or 12, for PN and MOS respectively, were selected. 
Background flaring was present in observations 1, 3 and 4, 
and so intervals in which the total PN count rate exceeded 
60 count s ' or the count rate of a single MOS detector 
exceeded 30 count s ' were rejected; only observation 3 
exceeded these thresholds, reducing the useful exposure to 
27 ks. There are ~120 X-ray point sources in the field of 
view, and the extraction regions for our source was lim- 
ited to 20" to avoid contamination by a neighbouring point 
source; this encircles ~70% of the flux. The PN image of 
the Core of M3 1 from the June 2001 XMM-Newton obser- 
vation is shown in Fig.Qwith RX J0042.3+41 15 circled. 

For each lightcurve on source, a source-free back- 
ground lightcurve was extracted from a nearby region on 
the same CCD and at a similar off-axis angle, the same fil- 
tering criteria were used. The fractional exposure of the 
source was estimated from the exposure map, and the 



' http://heasarc.gsfc.nasa.gov/docs/xmin/uhb/ 

^ http://heasarc.gstc.nasa.gov/docs/soHwM^7nieaOTS 



lightcurves were corrected for the overall effects of dead- 
time and vignetting using fcalc. 

Additionally, PN source and background spectra were 
obtained from all good-time data for observations 1, 3 and 
4; in observation 2, the source fell in a chip gap. Response 
matrices and ancillary response files were generated for 
each spectrum, with rmfgen and arfgen respectively. The 
spectra were grouped to have a minimum of 50 counts per 
bin, data below 0.3 keV or greater than 10 keV were ig- 
nored in the subsequent analysis. 

5. Results 

The combined, exposure corrected, background subtracted 
0.3 - 10 keV EPIC lightcurves of RX J0042.3-H41 15 from 
observations 1, 3 and 4 are presented in Fig. Q these 
lightcurves are clearly variable, but display no regular be- 
haviour. The lightcurves vary by ~3Q% within each ob- 
servation, while the mean intensity of the lightcurve from 
observation 1 is a factor of ~ 3 lower than the mean in- 
tensities in observations 3 and 4. Estimates of the luminos- 
ity of RX J0042. 3-1-41 15 in each observation were obtained 
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Table 2. Best fit parameters for models used to fit the PN 0.3-10 keV spectra of RX J0042.3+41 15 in observations 1, 
3 and 4; the letters (A, B, C) refer to the model used (as described in the text) and the numbers refer to the observation 
number. Nh is the equivalent line-of-sight column density of hydrogen (in cm"^); kT is the blackbody temperature 
expressed in keV; is the normalisation of the blackbody component: 10^*^ erg s"' at 10 kpc for blackbody, R^^.^ cos 6 
for a disc blackbody of inner disc radius Ri„ observed at an angle 6; F is the spectral index of the power law component; np 
is the normalisation of the power law, in terms of photon cm"^ keV"' s"' at 1 keV. F*'-"* and Lygo^p^ are the unabsorbed 
flux and luminosity at 760 kpc respectively in the 0.3 - 10 keV energy band. 



Model 


Nh 


kT 




r 


np 


xyd.o.t 


pO.3-10 

/io-'2 


T 0.3-10 
760kpc 

/lO" 


Al 


0.18 






1.66 


1.5 lO-'' 


104/91 


1.08 


7.5 


Bl 


0.25 


1.69 


4.3 10-« 


2.2 


1.75 10-'' 


102/89 


1.22 


8.5 


CI 


0.23 


3.33 


2.4 10^" 


2.2 


1.39 10-" 


102/89 


1.2 


8.2 


A3 


0.16 






1.79 


4.7 10-* 


181/172 


3.0 


21 


B3 


0.25 


1.32 


1.36 10-5 


2.55 


5.65 10-* 


162/170 


3.8 


24 


C3 


0.31 


2.28 


3.59 10-3 


3.32 


5.25 lO-'* 


162/170 


4.9 


34 


A4 


0.18 






1.82 


4.9 10-* 


352/190 


3.0 


21 


B4 


0.23 


1.23 


1.16 10-* 


2.43 


5.09 10-* 


229/188 


3.4 


24 


C4 


0.30 


2.03 


5.79 10-3 


3.4 


4.47 10-* 


231/188 


4.7 


33 



by fitting the background-subtracted PN spectra with three 
simple models. Model A is a simple power law, model B is 
blackbody + power law and model C is a disc blackbody + 
power law; all models include the effects of photo-electric 
absorption from material in the line of sight. Although 
the parameters of the models have limited physical signif- 
icance, since the spectra are not of high enough quality to 
discriminate between models, a reasonable fit to a spec- 
trum will provide a good estimate to the 0.3-10 keV flux 
and luminosity. The best fit results are presented in TableQ 
We obtain 0.3-10 keV luminosities of ~8, -30 and -30 
xlO"'^ erg s"' in observations 1, 3 and 4 respectively. We 
see that Model A cannot fit the spectrum from observation 
4, and thus must be be rejected for all observations. The 
average Galactic line of siaht a bsorpti on in the direction of 
M3 1 is 7 10^° atom cm-^ i .St ark et al ll QQ 9 ) while the mod- 
elled absorption of RX J00422.3-H41 15 is 20-30 10'° atom 
cm-^, as seen in X-ray sources in M31 i Kong et al. 2002 1. 
This suggests that RX J00422.3-H4115 is indeed in M31, 
or else has intrinsic absorption resembling the absorption 
found in M3 1 by coincidence. 

Leahy normalised power density 

spectra (PDS) with (5.2 s)-' resolution were obtained from 
the 0.3 - 10 keV EPIC lightcurves from observations 1, 3 
and 4 using powspec; the PDS were averaged over mul- 
tiple spectra of 512 bins and the expected noise was sub- 
tracted; the PDS data were geometrically binned. The three 
power spectra are presented in Fig0 We find that the PDS 
from all three observations are ~ flat at low frequencies, 
and break to a steep power law at frequencies of ~0.06-0. 1 
Hz. To establish the significance of the breaks, each PDS 
was modelled with both a simple power law and a broken 
power law. The parameters for the broken power law model 
were the cut-off frequency, Vc, the power at that frequency, 
the index for frequencies lower than v^, ffi, and the index 
for frequencies higher than Vc, 02- TableQlists the param- 
eters and goodness of fit of the two models for each PDS; 
clearly the simple power law model cannot acceptably fit 




0.01 

Frequency (Hz) 

Fig. 3. Power density spectra of RX J0042.3-H4115 from 
observations 1, 3 and 4 are displayed in the top, central 
and bottom panels respectively. The PDS of observation 1 
is clearly flat below 0.04 Hz and a steep power law above 
0.06 Hz, consistent with the PDS of low accretion rate XB 
I Wiinands & van der Kli? 1 99? 1; indeed, a break is seen in 
the PDS of all three observations, below which the PDS is 
approximately flat. 

any of the PDS, and all PDS are well fitted by the broken 
power law model, hence the PDS really do resemble those 
of low accretion rate binaries. 



To establish whether the break is an artifact of the in- 
strumentation, or inherent to RX J0042.3-I-41 15, the PDS 
of sevei^righO^-a^ources identified with globular clus- 
ters by^^2^^3^^3 were examined; as they are likely 
to be high accretion rate neutron star binaries their PDS 
should not contain a break in the observed frequency range. 
Although here is no reason to expect instrumental modu- 
lation of the true PDS that would produce the breaks we 
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have observed, these checks were nevertheless made to 
be sure. For each globular cluster source, combined EPIC 
lightcurves from observation 4 were made and a PDS was 
obtained. Luminosities of the globular cluster sources were 
estimated from fits to FN spectra of simple power law mod- 
els; the spectral channels were binned for a minimum of 
20 counts per bin. Table^lists the best fit model parame- 
ters for the globular cluster sources. The luminosities of the 
globular cluster XB span 1-10 xlO^^ erg s"', hence we 
expect high accretion rate PDS with no breaks. No breaks 
were observed in the PDS of any of the globular clusters. 

Additionally, a lightcurve was produced by summing 
all the EPIC lightcurves of the globular cluster sources; 
the intensity of this summed lightcurve is ~1.5 count s"', 
(c.f. 0.3-1 counts' forRXJ0042.3-H41 15), hence the PDS 
had more than sufficient data to detect any instrumental 
break. The PDS of that lightcurve is presented in Fig.0 
A break in the PDS due to instrumental effects would be 
present in all PDS and so adding the lightcurves of several 
sources should make the break more prominent; in fact, 
fitting a simple power law to the combined globular cluster 
PDS resulted in a good fit (x^/dof of 0.6). A broken power 
law is not required to fit the globular cluster data. We can 
thus be confident that the PDS breaks we have observed 
are inherent. 

6. Discussion 

The power density spectra observed from 
RXJ0042.3-H4115 by XMM-Newton are flat with a 
break at <1 Hz, consistent with PDS from disc-accreting 
X-ray binaries XB at a low accretion rate, and inconsistent 
with PDS from hiah accretion rate XB i van der KlillQ«c| 
^i inands & van der Klis 199*5). In LMXB with neutron 
star primaries, the characteristic low accretion rate PDS 
agDea^i^heisland state, the lowest luminosity state 
|van derKlis 198?"); an example is IE 1724-3045, an 
X-ray burster that exhibite^^jOT^ccretion rate PDS 
at a few lO^^*" erg s"' Iniive et ^1 i l l 994 The fact that 
RX J0042.3+4115 exhibits a low accretion rate PDS at 
luminosities exceeding 10^** erg s"', and that none of 
the globular cluster sources (likely LMXB with neutron 
star primaries) exhibit such PDS at luminosities of 0.1 
- 1 lO-*^ erg s"' strongly suggests that the primary in 

Table 3. Fits of simple power law models (PLx) and bro- 
ken power law models (BPLx) for observation x (1, 3 and 
4); ai and a2 are the spectral indices before and after the 
break frequency (Vc). Numbers in parentheses are the un- 
certainties in the last significant figure. 



Model 




Vc (Hz) 


0-2 


;r-/dof 


PLl 


-0.11(1) 






21.8/11 


BPLl 


-0.04(2) 


0.05(1) 


-0.21(6) 


5.8/9 


PL3 


-0.35(2) 






62.2/1 1 


BPL3 


-0.24(3) 


0.09(1) 


-1.5(4) 


8.6/9 


PL4 


-0.35(3) 






45.7/11 


BPL4 


-0.27(4) 


0.05(3) 


-0.5(2) 


13.7/9 



RXJ0042. 3-1-41 15 is unlikely to be a neutron star. We 
conclude that the primary of RX J0042.3+41 15 is a black 
hole candidate. 

Since the argument rests on the luminosity of 
RX J0042.3-I-4115, it is important to be sure of its loca- 
tion in M3 1 . M3 1 is located well out of the plane of the 
Milky Way, in a sparsely populated region of sky, mean- 
ing that RX J0042.3+4115 must be within our Galaxy, or 
in M31 or a background AGN. We discount the possibility 
that RX J0042.3-H41 15 is an AGN and discuss possibilities 
where it is a local binary below. 

AGN are powered by disc accretion onto massive black 



holes, so we might expect them to exhibit similar PDS, 


scaled to longer time-scales. "iJttlev et al. 


I 2002 ) exam- 


ined the PDS of four AGN (MGC-6-30-1 


5, NGC5506, 



op- 
and 



NGC3516 and NGC5548) and found that the PDS of 
the first three are analogous to low accretion rate XB, 
but with the break at a few 10"^ Hz. These authors com- 
pai-e the PDS of these four AGN with that of the black 
hole XB CygnusX-1 and conclude that the break fre- 
quency is related to the mass. The break frequency of 
RX J0042.3-I-41 15 is several orders of magnitude higher 
than observed in these AGN and so we reject the possi- 
bility that it is a background AGN. 

If RXJ0042.3-H4115 is actually a foreground object, 
then it probably belongs to the disc population and is lo- 
cated within ~ 1 kpc. Hence the X-ray luminosity would 
be ~6 orders of magnitude fainter, at ~ 10^^ erg s"', 
or fainter if closer than 1 kpc. We know from the PDS 
that RXJ0042. 3-1-41 15 is powered by disc accretion, but 
this X-ray luminosity is severa^ider^of magnitude too 
low for a persistent LMXB (*^wir^^T"^9?). Hence 
RX J0042.3+41 15 would have to be a cataclysmic variable 
(i.e. with a white dwarf primary) or a soft X-ray transient 
in quiescence. 

All known Galactic catacWsmi^jmable^ia 
tical/UV counterparts (e.g ^^^^^^^^j 
while RX J0042.3+41 15 was associated with an optical 
sourc e using the Einstein position i Trinchieri &. Fabbianl 
IJ^^I, the improved resolution of Chandra placed 
RXJ0042. 3-1-41 15 away from any optical counterpart 
:onget aL 2002j. The nearest object in the Haiman et^ 
optical catalogue is at OO'' 42" 28^ -^41° 15' 35'.'7, 
i.e. just 5'* away and has an apparent visual magni- 
tude of mv - 20.075. Hence an optical counterpart to 
RXJ0042.3-H4115 must be fainter than my = 20. A pes- 
simistic estimate of the absolute visual magnitude for a 
non-magnetic CV is My = 9, considering onl^dis^mis- 
sion and an accretion rate of 10 " Mq yr jj^gfljgjll^gj; 
hence at 1 kpc, the apparent magnitude would be brighter 
thai^9 and would have been seen in the Haiman Pi\ ^\ 
survey. Hence we can rule out the possibility 
that RXJ0042. 3-1-41 15 is a normal non-magnetic CV. The 
observed spectra from RXJ00422. 3-1-41 15 are consistent 
with Galactic magnetic CVs, but the X-ray luminosity at 
1 kpc would be two orders of magnitude lower than nor- 
mal. The system would have to be one of the theoretically 
implied, pos^erig^mmmun^Vs with a brown dwarf 
secondary iKolh ^ R.r.ffJl99cl 
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Table 4. A catalogue of point X-ray sources identified as globular clusters by Konp et al i^OO^) and used to test the 
hypothesis that the break in the PDS of RX J0042.3+41 15 is not instrumental. The best fit parameters of absorbed power 
law models to the spectra are given; the column headings have the same meanings as in Table Q 



Source 


Nh 


r 


np 


;rVd.o.f 


pO.3-10 


T 0.3-10 
■^760 


Break? 


J004212.1+411758 


0.35 


1.66 


7.5 10-5 


97/114 


0.54 


3.7 


N 


J 004218.6+41 1401 


0.13 


1.55 


1.29 lO^"* 


306/301 


1.0 


7 


N 


J 004226.0+41 1915 


0.42 


2.32 


4.5 10-5 


56/73 


0.22 


1.5 


N 


J 004232. 1+4 11939 


0.21 


2.06 


74 10-5 


153/127 


04 


2.8 


N 


J 004259.6+41 1919 


0.13 


1.98 


14 10-"* 


275/250 


0.78 


54 


N 


J 0043 10.6+41 1451 


0.10 


1.74 


2.12 lO-'* 


430/429 


14 


9.8 


N 


J 004337.2+41 1443 


0.14 


1.70 


1.34 10-* 


268/241 


0.93 


64 


N 



If RXJ00422.3+4115 is a local soft X-ray transient 
(SXT) in quiescence, its primary could be a neutron star 
or a black hole. SXTs typically brighten in X-rays by a 
factor of up to 10^ over a week, then decay into qui- 
escence over the course of a year; successive outbursts 
are usuallv seoarated bv vears to decades (see review 
in e.g. Tanaka & Shiba/aki 1996 ) . Observed spectra from 
SXTs in quiescence are often modelled using advection 
dominated accretion flow (ADAF) in the inner disc (e.g. 
iNaravan et al. 1997 : .Sutaria et al 2002). Since ADAFs are 
radiatively inefficient, a neutron star primary will radiate 
energy donated by accreting material impacting on the 
surface, while a black hole primary will simply swallow 
the accreting material; indeed quiescent neutron star SXTs 
have been observed to be 2 orders of magnitude brighter 
than quiescent black hole SXTs i Sutarla-et al, 2002 . and 
references within). Comparing the implied luminosity of 
10^2 erg S-' for RX J00422.3+41 15 with the known min- 
imun^uminositie^if black hole and neutron star SXTs 
|^S3E3, we find that if RXJ00422.3+4115 
was a local SXT, it would be likely to have a black hole 
primary. 

Accepting that the RX J00422.3+4115 is a black hole 
binary in M3 1 , we must account for its being in the low ac- 
cretion rate state at a luminosity as high as a few lO-''^ erg 




10~° 0.01 0.1 

Frequency (Hz) 



Fig. 4. The noise-subtracted PDS of the combined 
lightcurves of the seven X-ray sources associated with 
globular clusters used to search for an artificial break in 
the PDS; no break is seen. 



S-' . The mostly likely explanation is that the low accretion 
rate state is limited to less than a certain fraction of MEdd, 
the mass accretion rate corresponding to the Eddington 
limit, rather than M itself; hence RX 00422.3+41 15 would 
only need to be more massive than a neutron star to allow a 
low accretion rate state at a higher accretion rate (observed 
luminosity). GS 1124-683 (Nova Muscae 1991) exhibited 
a low-accretion rate PDS at a 1.2-37 ke^Juminosit^of 
~ lO^*^ erg s-', for a distance of 4 kpc i^ivamotc^^^ 
.1993 Mammb & Gehrel? 199? ); the mass of the primary 
ii^hi^svstemhas been determined to be 7.0+0.6 M© 

ino et al. 2001 1, so in this case M ~0.1 MEdd- Hence, a 
scenario in which RX J00422.3+41 15 has a massive (~10 
Mq) primary accreting at ~0. 1 MEdd is feasible and entirely 
consistent with the observed properties. 

If the break frequency is relate^Jo th^jnass of 
the primary as supposed by ^^^^^^^ the 
similar break frequencies of Cygnus X-1 [0.04-0.4 Hz 
I Belloni&Hasinget 19901 and RX J0042.3+4115 (0.05- 
0.09 Hz) suggest^ha^i^nas^^he black hole in Cygnus 
X-1 [10 Mq (^eiTeroerar*199?)] is similar to that in 
RXJ0042.3+115, supporting the idea of a -10 Mq black 
hole primary in RX J0042.3+41 15. 

To conclude, the three scenarios discussed for 
RX J0042.3+41 15 are: that RX J0042.3+41 15 is a post pe- 
riod minimum CV with a brown dwarf secondary; that 
RX J0042.3+41 15 is a luminous black hole binary in M31; 
that RXJ0042.3+4115 is a local black hole SXT with in- 
trinsic absorption imitating the absorption found in M3 1 . 
We consider that it is most likely to be placed in M3 1 . In 
this case, the system could be a microquasar, i.e. with a 
low mass companion; it would then be an analogue of the 
Galactic microquasar GRS 1915+105. 
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